Despite the exponential growth in the literature on modelling and simulation studies of impact and cost-effectiveness in different aspects of healthcare, there is no clear consensus on the appropriate role of modelling in the development of recommendations in clinical guidelines. This is compounded both by the lack of a standardised approach to assess the quality of modelling, and lack of clarity on its positioning within the GRADE (Grading of Recommendations, Assessment, Development, and Evaluation) method for decision-making in the development of WHO guidelines, that considers both evidence from systematic reviews of randomized clinical trials (RTCs) or observational studies, together with stakeholder values and preferences, resource use, and feasibility issues. In the development of the 2013 WHO Consolidated Guidelines on the use of Antiretroviral drugs for treating and preventing HIV infection, a series of modelling projects were undertaken to inform the recommendations on eligibility criteria for ART initiation, and approaches to monitoring for treatment response. We report our experiences, challenges encountered, and several key considerations to guide the future use of modelling in the development of WHO guidelines. These are: (1) Transparency in the conduct and reporting of model inputs and results; (2) The need for agreed standards for critical appraisal and use of modelling data in healthcare policy making; (3) recognition that modelling of cost-effectiveness is only one component of decision-making in development of WHO recommendations and in priority-setting; (4) The need for closer interaction and an ongoing dialogue between modellers and model end-users or decision-makers; (5) the important role of WHO in convening and facilitating comparative assessment of multiple models; and (6) The need to optimize research and data collection to inform modelling studies. 
Introduction
One of WHO's core functions is to assess new evidence and innovations, and translate them into guidance that can inform and guide country decisions. WHO published its first antiretroviral therapy (ART) treatment guidelines more than a decade ago, with subsequent revisions culminating in updated guidelines in 2010, for use of ART in adults and adolescents [1] , children [2] , and pregnant women [3] . The key 2010 recommendation was an increase in the CD4 þ cell count threshold for ART initiation from below 200 to below 350 cells/ml. Since then, important new evidence has emerged on the impact of earlier ART initiation on reducing HIV transmission, as well as on individual patient benefits in terms of reduced morbidity and mortality [4] [5] [6] . In addition, new HIV testing and counseling strategies and technologies have expanded opportunities for decentralizing HIV testing approaches [7, 8] , while more accessible viral load testing technologies for monitoring allow earlier identification of ART failure, and more timely switching of regimens.
The updated 2013 consolidated guidelines were developed in response to the need to reflect these advances [9, 10] . Key issues addressed were whether to further increase the CD4 þ cell count threshold for ART initiation to less than 500 cells/ml in HIV-infected adults or regardless of CD4 þ count in specific subpopulations [pregnant women, serodiscordant couples, and hepatitis B virus (HBV) and/or hepatitis C virus (HCV) coinfected persons], as well as optimal approaches to monitoring patients on ART. The guidelines are based on a public health approach to scaling up antiretrovirals (ARVs) for treatment and prevention that seeks to maximize individual and population-level benefit, and their primary target audience is national HIV programme managers in lowincome and middle-income settings. Therefore, in addition to specific clinical recommendations, the 2013 guidelines also provide guidance to countries in planning and setting priorities from a menu of policy options for ART use in different population groups, epidemiological settings, and levels of ART uptake [9, 10] .
The WHO antiretroviral guidelines development process and Grading of Recommendations, Assessment, Development and Evaluation methodology
The review of evidence and development of recommendations in the 2013 guidelines followed the Grading of Recommendations, Assessment, Development and Evaluation (GRADE) system, which emphasizes a structured, explicit and transparent approach to grading and formulation of recommendations, as well as a rating of the quality of evidence and strength of recommendations [11] [12] [13] [14] . The GRADE system classifies the quality of evidence into one of four levels: high, moderate, low, and very low ( Table 1 ). The rating of quality of evidence based on randomized controlled trials (RCTs) starts as high, but may be decreased for several reasons, including risk of bias, inconsistency of results, indirectness of evidence, imprecision and publication bias [11] [12] [13] . The rating of evidence based on observational studies starts as low, but may be increased if the magnitude of the treatment effect is very large, or if there is evidence of a dose-response relationship or if residual plausible biases would underestimate the effect size [14] . The GRADE system also classifies the strength of recommendations as either 'strong' and 'conditional'. The nature and strength of recommendations is determined, in addition to the quality of the evidence, by an assessment of its acceptability by relevant stakeholders, resource implications and feasibility to implement in multiple settings. Systematic reviews were commissioned and undertaken on around 40 topics relating to different aspects of HIV care to determine, among other issues, whether changes to existing recommendations on ART eligibility or in patient monitoring strategies were warranted. For the majority of these systematic renews, a standardized GRADE evidence table was used to present quantitative summaries of the evidence and assessment of its quality. In addition to the scientific literature, other inputs to the decision-making process for the development of specific recommendations, included the expected individual and population-level benefits and harms of potential recommendations; community values and preferences (informed by an e-survey consultation); feasibility and constraints to implementation (informed by commissioned reports on country experience on selected topics); equity, ethics and human rights implications; resource use, population-level health impact and cost-effectiveness [informed by available literature and results from mathematical modelling of different HIV testing and ART initiation scenarios, and patient monitoring strategies in various epidemic settings undertaken by the International HIV Modelling Consortium (www.hivmodelling.org)].
The use of modelling in the development of guidelines
The optimal evidence to inform the development of recommendations and guidelines on specific treatment or preventive interventions is generally large high-quality RCTs, or systematic reviews of RCTs, on the question of interest, with formal rating of the quality of this evidence using the GRADE or a similar system. However, there are limitations to reliance on this evidence source alone. First, for many questions, there may be no RCTs or prospective studies, or if they do exist, data are based on a highly selected (usually adult) population from highincome settings with adequate resources and highly trained staff, and often with limited follow-up. Therefore, results from these existing studies may not be generalizable beyond their own contexts. In addition, policy makers need to consider the population-level impact over a much longer time horizon than is possible with RCTs. Finally, there may be many other permutations of an intervention (dose, frequency, and duration) or outcomes that are not adequately addressed by current research. Such 'indirectness' in evidence relating to population, intervention or outcomes is usually addressed through downgrading the GRADE quality of evidence rating by one or two levels (Table 1) [12, 13] , with an explicit comment on the limitations of the evidence.
To address these more complex questions, and where it may not be possible to extrapolate from existing studies, other forms of research synthesis such as mathematical modelling are increasingly used to estimate impact and cost-effectiveness, and project long-term policy consequences. Model-based methods may also be useful in performing comparative effectiveness and cost-effectiveness of a much broader potential range of interventions (or combinations of interventions), and over a range of timescales, settings and populations, than is usually possible with RCTs or even observational studies, and have been used increasingly in the evaluation of health programmes, and HIV care in particular [15] [16] [17] . There are many limitations in the use of models, but the most critical relate to the uncertainty of the data and the assumptions they employ, both of which impact on both the internal and external validity or generalizability of their conclusions. Model simulation studies must always be carefully evaluated in light of these and other limitations.
Despite the exponential growth in the literature on modelling and simulation studies of impact and costeffectiveness in different aspects of healthcare, there is no clear consensus on the appropriate positioning and contribution of modelling in guidelines development. Perspectives range from those who believe that clinical guidance should be based solely on the empirical and observational evidence, to those who seek to incorporate modelling into the decision-making process of developing recommendations. However, the lack of a standardized methodology for use of modelling, either alone or as an extension of systematic reviews, has resulted in their limited use to date in the development of clinical guidelines.
There are a few recent examples, outside WHO, in which model simulation data have been used by the Agency for Healthcare Research and Quality (AHRQ) Evidencebased Practice Center (EPC) alongside systematic reviews [18] [19] [20] , and also by the U.S. Preventive Services Task Force (USPSTF) in the development of updated cancer screening guidelines, specifically for colorectal, breast and cervical cancer [21] . In a recent review of 10 EPC reports that included modelling, seven used models to augment systematic review results, and three as the primary data source [19] . The main contributions of the modelling were considered to be in addressing gaps, extending evaluation of benefits and harms beyond intermediate outcomes, and offering comparisons of additional strategies. Other examples of the influence of cost-effectiveness modelling have been in the development of vaccination policy in high-income settings [21] , and in the adoption of the Archimedes Model (a clinically detailed single integrated simulation model that covers coronary artery disease, diabetes and its complication congestive heart failure, stroke, hypertension, colorectal, breast and lung cancers) by the US Department of Health and Human Services for the rapid analysis and evaluation of the cost-effectiveness for specific healthcare interventions [22, 23] .
The main experience at WHO with the use of costeffectiveness models in guidelines development has been in work led by the Initiative for Vaccine Research in the department of Immunization, Vaccines and Biologicals
Modelling in WHO antiretroviral guidelines Easterbrook et al. S87 Table 1 . Rating the quality of the evidence using the GRADE system [11] [12] [13] [14] . to support decision-making over the introduction of vaccines for pneumococcal, rotavirus and human papillomavirus vaccines [24] [25] [26] [27] . Following a series of consultations in 2009 and 2010 with multiple modelling groups, a consensus report was published to guide future activities on the use of cost-effectiveness analyses for vaccines and immunizations [28] [29] [30] . More recently, in light of an ongoing pivotal phase 3 trial of a first generation malaria vaccine, RTS,S/AS01, WHO is evaluating different modelling approaches to inform decisions about whether or not to introduce RTS,S/ AS01 as an additional malaria control measure in combination with other interventions [31] . Other modelling work has also impacted on the development of WHO guidelines on hand hygiene, and various screen and treat strategies for the prevention of cervical cancer, and control measures during the severe acute respiratory syndrome.
One explicit example in which the GRADE method was used to assess the quality of evidence from simulation studies in support of a WHO guideline recommendation was in the 2011 guidelines on the programmatic management of drug-resistant tuberculosis [32] . A conditional recommendation was made for the use of rapid drug susceptibility testing of isoniazid and rifampicin at the time of tuberculosis diagnosis, based on finding from a cohort simulation model. The quality of evidence was downgraded to very low due to indirectness, and additional caveats were highlighted in the accompanying commentary. The GRADE method has also been used to classify the quality of primary evidence used in population pharmacokinetic modelling to support recommendations relating to drug interactions.
The use of modelling in the 2013 WHO antiretroviral consolidated guidelines
Two key modelling projects were commissioned by the WHO HIV department and undertaken by the HIV modelling consortium (www.hivmodelling.org) to support the 2013 ARV guidelines. The first used multiple independent models in four low-income and middleincome settings (South Africa, Zambia, India and Vietnam) representative of different HIV epidemic types (generalized, concentrated and mixed) and level of ART coverage, to examine health impact (DALYs), cost and cost-effectiveness of different eligibility criteria for ART initiation and testing strategies (assuming current as well as expanded patterns of HIV testing and linkage to care) in different populations (for example adults, pregnant women, HIV serodiscordant couples) [33] . A second project examined different strategies for monitoring treatment response (clinical, CD4 þ cell count and viral load) in patients on ART, as well as different monitoring frequencies and different criteria for switching to secondline ART based on three independent models [34] . An additional project examined the relative benefits of providing earlier or immediate ART to HBV-HIV or HCV-HIV coinfected adults compared with HIV monoinfected adults [35] . A key feature of these analyses was their use of multiple existing independently developed models of HIV infection and transmission and impact of ART, to compare different scenarios, for which there were limited or no available data in the literature.
Additional modelling work was undertaken by two other groups to support evidence from systematic reviews in the development of recommendations on when and what ART to start in children: a causal modelling analysis of the impact of starting ART at different ages in children, based on data from the IeDEA -South African collaborative dataset [36] ; and a Monte Carlo computer simulation model of paediatric HIV disease to examine the impact and cost-effectiveness of initiating different ARV regimens (protease inhibitor, NNRTI and induction/maintenance) in children (personal communication, Andrea Ciaranello 2013).
The primary contribution of the modelling outputs to the 2013 consolidated guidelines was in identifying optimal implementation strategies for the key clinical recommendations within the framework of the chapter Guidance for Programme Managers. For example, by highlighting the relative cost-effectiveness of different ARV eligibility criteria in combination with different strategies to expand testing and access, in different populations and epidemic settings, the models informed programmatic decisions as to whether expanding access to HIV care through testing and linkage to care should precede expansion of ART eligibility criteria.
A secondary role was consideration of the cost-effectiveness modelling data in the development of clinical recommendations (alongside evidence from systematic reviews of RCTs and observational studies, community values and preferences, equity and human rights implications, feasibility and constraints to implementation) using the GRADE decision-making framework.
The process involved a series of consultative meetings between WHO and representatives of the HIV modelling consortium to formulate the key questions, comparators and outcomes, and a key consortium meeting in November 2012, to discuss initial analyses and their interpretation. Results were presented to the WHO ARV clinical guidelines development groups (adults and maternal and child health) in December 2012, and the more detailed conclusions at the WHO Programmatic guidance meeting in January 2013.
As with a previous modelling consortia initiative [37] , some limitations of the models used for the 2013 ARV guidelines process were recognized that will need to be addressed in future modelling endeavours. These include the need to consider the following: the impact of ART in the context of both other key preventive interventions such as male circumcision, and other competing priorities (e.g. investing instead in transitioning all patients from a more toxic stavudine ART regimen, or strengthening health systems to ensure a continuous ART drug supply at peripheral health centres); models relevant to more settings (e.g. high/low prevalence -high/low ART coverage, concentrated epidemics and different key populations); evaluation of impact of varying 'real-world' inputs, such as suboptimal adherence, levels of ART coverage, delays in getting patient results to clinicians and in switching ART, as well as fuller consideration of impact of different monitoring strategies on the potential for emergence of a drug-resistant virus, and HIV transmission; evaluation of different cost-effectiveness thresholds (rather than just comparing cost-effectiveness ratios to common GDP benchmarks as adopted by WHO); and the impact of decisions over short as well as long-term horizons.
Conclusions and next steps
Based on the experience of the HIV department in the 2013 ARV guidelines, we have identified several key considerations to inform future discussions on the appropriate use of modelling in the development of clinical or public health guidelines. These build on previous principles of 'best practice' for model planning, presentation and interpretation of mathematical models for policy making in HIV care developed by the Prevention Science and Mathematical Modelling Reference Group of the World Bank Global HIV/AIDS Programme [38] . These nine principles are as follows: clear rationale, scope and objectives; explicit model structure and key features; well defined and justified model parameters; alignment of model output with data; clear presentation of results, including uncertainty in estimates; exploration of model limitations; contextualization with other modelling studies; application of epidemiological modelling to health economic analyses; and clear language [38] .
Transparency in the conduct and reporting of model inputs and results
Given the inherent complexity of modelling analyses, it is paramount that there is transparency and clarity in the reporting of all model attributes, including assumptions and data sources, to allow decision makers to make informed judgments concerning the value and robustness of the results generated by the models. External reviewers and end-users should be able to independently replicate results with publicly available information on data sources and methods.
Examples of guidance on criteria and requirements for reporting of modelling analyses have been published [15, [27] [28] [29] 38] . Below are listed some of the key questions relating to a model's transparency and its use that should be asked by end-users before interpreting its outputs. These include the purpose of the model; model structure (deterministic vs. stochastic or population-based vs. individual) and rationale for choice, with specification of the equation structure, and flow diagrams as appropriate to show disease natural history, and impact of interventions; the appropriateness of the model for different questions and in different settings, and how the model structure could have influenced the results; the complete list of variables and parameters, their estimates and ranges, sources of data (based on observation or extracted from previous modelling studies) and validation process; implicit and explicit assumptions contained in the model; description of uncertainty analyses, as well as formal sensitivity analyses on key variables (i.e. examining the importance of each model parameter in influencing the variability in the model outcomes); results of model assessment; and availability of model documentation. It is also important for end-users to be able to identify the key drivers of outcome and cost-effectiveness in the model.
Initial key questions for end-users before using results of an individual model are as follows: The need for agreed standards for critical appraisal and use of modelling data in healthcare policy-making Since 2008, the GRADE methodology has been adopted by WHO to rate the quality of evidence used in support of its guideline recommendations. However, to date there has been no critical appraisal tool (other than guidelines for the development and review of health economic analyses [39] ), or specific guidance on the use of the GRADE system to evaluate the quality of evidence for population-level effect estimates of interventions based on model simulations, to be used alongside other standardized criteria for reporting and assessing model structure, assumptions, robustness and limitations [15, [27] [28] [29] . The GRADE method was used in one WHO guideline on drug-resistant tuberculosis to rank the quality of data from one simulation cohort study [32] . The evidence was ranked as very low quality based on a downgrading by one level of observational data (ranked as low quality in accordance with GRADE) for indirectness. Therefore, a direct application of this approach would rank most models based on data from observational studies (e.g. cohort simulations) as very low quality in GRADE. The availability of an adapted GRADE system or other critical appraisal tool for modelling analyses would enhance their quality, interpretability and usefulness in future guidelines development. There have also been some early efforts to present meta-analyses or summaries of modelling results [17] , as well as approaches to seek to compare modelling results to quasi-experimental results.
Modelling of cost-effectiveness is only one component of decision-making in development of WHO recommendations and in priority setting
The primary evidence source to inform the development of clinical recommendations is, where available, RCTs together with systematic reviews of RCTs and observational data. In addition to cost and cost-effectiveness, several other factors are often considered in the final decision-making process to develop recommendations based on the GRADE methodology. Therefore, modelling data should be regarded as important but supplementary to the main evidence base. To ensure the judicious use of modelling data in guidelines, there is need for systematic guidance on how best to integrate modelling within a broad evidence review framework, using the GRADE or an alternative methodology. Similarly, though cost-effectiveness analyses can inform the identification of priorities for implementation, they should nevertheless be complemented by other considerations of local epidemiology, affordability, as well as impact on equity with different courses of action [36, 40, 41] The need for closer interaction and an ongoing dialogue between modellers and model endusers or decision makers Greater transparency as well as improved relevance and impact of the modelling output will be also be achieved by closer interactions between modellers and all potential end-users, including WHO and country programme managers, from the outset and throughout the process. The most important initial joint step is in framing a clear answerable policy question relevant to the decisions facing programme managers in country, including the objectives, comparisons, outcomes and timeframe, which will also be important in subsequent interpretation of the modelling results. Particularly critical is to determine which costs are considered relevant and should be included in the analysis [40] , as well as the type of economic evaluation [i.e. quality-adjusted-life-years (QALYs) or disability-adjusted-life-years (DALYs)]. Wherever possible, all relevant costs should be assessed comprehensively from the perspective of both the health service provider and patient (including in the HIV context, costs of expanding testing, pre-ART care and other frontline services) and standardized estimates (for example, using the WHO CHOICE [41] framework) or existing country-specific data should be used.
Closer interaction with modellers will require policy makers to develop a working knowledge of modelling in order to understand the building blocks and limitations of a specific model, including its scope and structure, assumptions made and how they affect outcomes. This may well require formal training on model development and interpretation. At country level, there is also a need for access to simplified stakeholder-friendly modelling tools that allow further context-specific impact and cost analysis of changing ART recommendations in different target populations. Examples of tools available to assist countries in estimating costs and impact of HIV interventions include Spectrum [42] , in particular the AIM (AIDS Impact Model) and Goals (Cost and Impact of HIV Interventions) modules, and OneHealth -a WHO software tool designed to comprehensively assess health investment needs in low-and middle-income countries [42] . Finally, close collaboration is required in both determining the policy implications of the results, what further empirical or modelling studies should be planned, and how to best communicate and translate model findings more widely.
WHO role in convening and facilitating comparative assessment of multiple models The experience with the use of modelling in the 2013 ARV guidelines as well as from other WHO departments [24] [25] [26] [27] suggests that the optimal WHO role is as facilitator-convenor, encouraging multiple groups to participate and contribute their different modelling designs, structures and assumptions for a comparative assessment using standardized scenarios, and datasets from different regions. As well as avoiding endorsement of a single model, the comparative modelling approach is emerging as a best practice model with several clear advantages.
First, it allows decision makers to draw on the estimates from multiple different models and cost-effectiveness analyses on the same policy question, and where there is agreement, it can strengthen the robustness of the conclusions, and provide 'convergent validity' of the findings. This is illustrated by the concurrence of all the models in their overall conclusion of the cost-effectiveness of expanding ART eligibility to all those with a CD4 þ cell count 500 cells/ml or less relative to prespecified benchmarks over 20 years, despite variations in their model structures and assumptions [33] . However, although consensus across multiple models can be reassuring, a common error in assumptions or parameter estimate is still possible.
Second, it promotes greater transparency through access to and peer review of the sources of data and assumptions used for the various input parameters across multiple models. It, therefore, provides the opportunity to explain more systematically the observed variation among the models in relation to potential sources of disagreement in their assumptions (e.g. costs, levels of adherence, failure rates, mortality, loss to follow up as well as cost of switches to second line ART).
Third, it enables better characterization of the parameters driving uncertainty through sensitivity analyses across models, which may lead to iterative improvements in model specification. In turn, this can help identify evidence gaps and so focus efforts on the overall generation of better quality data to inform the most important model parameters (rather than on additional and often more complex models that suffer from the same data paucity).
Finally, such a forum offers the potential to build capacity of analysts from low-income and middle-income countries through collaborative adaptation of existing models to new settings. Clearly, in the governance of such modelling consortia, it is critical that they are as inclusive of as many independent models and groups as possible, and that a balance is struck between ensuring coherence in addressing the same question, while not being overly prescriptive.
The need to optimize research and data collection In the development of global guidance on HIV prevention and treatment, modelling cannot substitute for actual clinical data and outcomes from well designed clinical trials and epidemiological studies. Access to highquality, recent, and locally relevant programmatic, clinical and socio-behavioural data is critical to inform parameter estimates, ideally based on systematic reviews and data from large multiregional observational cohorts. In the HIV field, this includes, for example, rates of HIV testing and linkage to care, levels of ARV coverage, adherence, retention, viral suppression and stage of disease on accessing care, and where appropriate in subpopulations (by gender or age or vulnerable groups). Several large cluster randomized trials of the impact of earlier ART initiation on HIV incidence at a population level are ongoing, that will provide an important and direct test of the predictions from current modelling work. Although the majority of cost-effectiveness analyses are based on modelling, there is need for more practice-based costing and cost-effectiveness studies as part of planned or ongoing clinical trials and observational studies. Finally, there is a need for an ongoing two-way interaction between researchers and modellers both to identify key gaps in data collection, inform priority research areas for future clinical and epidemiological research, and highlight new modelling questions arising from recent research.
